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SECTION 1

INTRODUCTION

Recent developments in pulsed power applications have created a press-
ing need for improved pul sed energy storage coils. New applications such as
electromagnetic launchers and propulsion systems typically require low-
inductance, high-current energy stores. A typical energy store might be
' tens of microhenries capable of conducting peak currents of hundreds of
kiloamperes., As practical pulsed power applications (as opposed to labora-
tory experiments) are envisioned, there is a substantial premiom on compact,
low-mass, low-resistance designs. A third constraint imposed by practical
applications is that electromagnetic interference caused by the storage coil
must be reduced to tolerable levels, This combination of requirements is
extremely demanding and there are no proven coil designs which entirely
satisfy these needs., The purpose of this program was to investigate an

advanced coil design which showed promise of meeting these new pulsed power

requirements.

The remainder of this report is divided into five major sections and
two appendixes. In Section 2 we address the general concepts of inductive
energy storage and introduce the multiturn sectored inductor. We describe
the design elements that are particular to the sectored toroidal coil in
Section 3. Section 4 is devoted to the 10,000 A demonstration coil that was
designed, constructed, and tested. Our conclusions and recommendations are

: listed in Sections 5 and 6 respectively., A fringing field analysis of
coaxial sectored coils is included as Appendix A. Finally, the demonstra-

tion coil research and development test plan is presented as Appendix B.




SECTION 2

HIGH CURRENT INDUCTIVE ENERGY STORAGE

A number of important design constraints must be considered for an
energy storage coil in a high-current pulsed power application such as an
electromagnetic gun, These constraints include resistive losses, coil mass,
external fringing fields, and mechanical integrity. Coil resistive losses
directly affect overall system efficiency and reflect directly to power
system and fuel mass. It is therefore desirable to reduce resistive losses
to the lowest practical value., The inductive energy storage coil is often a
significant part of system mass and the mass of the coil itself is there-
fore an important design parameter. Mass and resistance must inevitably be
traded off to arrive at an optimum design which minimizes total system mass.
The fringing or external fields produced by the energy storage coil can have
significant and detrimental effects on other parts of the system and on
other systems which must operate close to the coil (e.g., aircraft avion-
ics). It is therefore highly desirable, and may be essential, to design
energy storage coils with zero or very small external fields. Finally, the
high curreat applications now being considered (such as railguns) impose
very high mechanical loads on the coil conductors, These mechanical loads
play an important, and often critical part, in coil design. The discussion
in the following sections deals with some of the common tradeoffs in

practical coil design.

2.1 CRYOGENIC COILS

Two principal constraints on practical coils are resistance and mass.

The resistance of a coil may be expressed as

R = ql/A (1)

where n = material resistivity
1

A = cross-sectional area of coaductor.

length of conductor

The length of the conductor is determined by the inductance required and is

not free to be chosen to minimize resistance. Resistance may therefore be
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minimized by decreasing the material resistivity and/or increasing the

conductor cross-sectional area. The mass of conductor in the coil is given

by
M =plA (2)

where p = conductor density.

From Equation 2 we sece that increasing the cross—sectional area in order to
decrease resistance has the counterproductive effect of increasing conductor

mass. We are therefore left with the task of reducing material resistivity.

One method of reducing the resistivity of a material is to cool it to
cryogenic temperatures. The resistivity of aluminum as a functiomn of
temperature is illustrated in Figure 1. The resistivity is observed to
decrease by more than three orders of magnitude from room ?vmperature to

liquid hydrogen temperatures. While commercial purity aluminum (>99.5% Al)

107 e
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Figure 1. Resistivity of Aluminum As a Function of Temperature.
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does not exhibit the same dramatic decrease in resistance at liquid hydrogen
temperatures, its resistivity does decrease by typically seven times from

room temperature to liquid nitrogen temperature.

In order to assess the potential impact of the use of cryogenically
cooled aluminum coils on electromagnetic gun system performance, we con—
ducted & preliminary assessment using our existing electromagnetic gunm
system model. The power requirements for a rapid fire system are illus-
trated in Figure 2. An aluminum coil operated at room temperature
resistively dissipates approximately one third of the system power. By
operating a high purity aluminum coil at liquid nitrogen temperature, coil

losses can be reduced to approximately 5% of losses at room temperature.

Mm=50¢
v = 3000 /s
20 x/x0 = 1.5
F =20 Hz
Qi
B~ ColL
5P LOSSES
£
g 0F BARREL
<3 LOSSES
a.
S P
PROJECTILE
ENERGY
0 (026)
AL ALLoY PURE AL PURE AL PURE AL
300°K 77°K 21°K

Figure 2. Power Requirements for an Electromagnetic Gun System with Cryo-
genically Cooled Aluminum Coils.

The reduced power requirements illustrated in Figure 2 imply signifi-
cant savings in overall system mass. System mass variations are illustrated
in Figure 3. The increased efficiency obtsinable with cryogenic coils may
result in s significant reduction in overall system mass, particularly in
fuel requirements. The use of cryogenically cooled aluminum coils for high-

current pulsed energy storage is clearly attractive.
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Figure 3. Electromagnetic Gun System Mass with Cryogenically Cooled Alumi-
num Coils,

2.2 MULTITURN INDUCTORS

The choice of inductor geometry is strongly influenced by a practical
design application, Of the four simple classes of c¢oil configuration,
parallel plate and coaxial transmission lines represent the simplest
mechanical configurations. A parallel plate transmission line is unsuitable
because of the relatively high external magnetic field which it produces. A
coaxial transmission lime, on the other hand, has zero external field and is
extremely robust mechanically (there are no unbalanced forces). A coaxial
transmission line unfortunately has a very low inductance per unit mass.
In fact, the inductance per unit mass of any single turn device (such as a
transmission line) is unattractive when compared with that of a multi-turn

device (such as a solenoid or toroid).

Both solenoids and toroids can have very high inductance per unit mass
due to the flux linkage between turns, The inductance per unit mass varies
approximately as 1/n where n is the number of turns, Solemoids in general
produce high external fields and are therefore unsuitable for many high-
current pulse power applications., Toroids produce very low external

fields, 30 we shall restrict our attention to toroidal]l multiturn configura-
tions.




2.3 TOROIDAL INDUCTORS

The chief disadvantage of toroidal coils is that they are difficult to
construct with conductors capable of conducting very high curreamts. Con-
struotion problems are intensified when multi-turn designs are envisioned.
Several toroidal inductors have been constructed by first winding a sole-
noid, and then bending the ends around until they meet, forming a right
circular torus. This technique cannot be considered for mul ti-hundred
kiloampere coils. The conductors would generally be so large that ‘bending

the ends around’ would be nearly impossible.

One manpmer in which a toroidal coil might be realized is the 'coaxial’
coil geometry shown in Figure 4, The coil is considered coaxial because
each turn canm be thought of as a section of electrically shorted coaxial
cable. The coaxial coil as shown is still difficult to realize physically.
Joining of the tubes to the end plates while preserving inter—turn insula-
tion would require intricate comnstruction methods. We also concluded that
it would be prohibitively difficult to use high purity materials in the tube

and end plate design., The difficulty occurs because it is nearly impossible

COAXIAL TERMINATION

TERMINAL
PLATE

TERMINAL
RING

s

Figure 4. A Coaxial Toroidal Inductor.
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to join high purity materials while retaining low resistivity at low cryo-
genic temperatures. An approach which may solve the construction problem of
coaxial toroidal coils, while preserving the advantages of low leakage
fields, is the 'sectored’ coaxial coil described in the fol lowing section,

2.4 THE MULTITURN SECTORED INDUCTOR

The concept of a multiturn sectored inductor is depicted in Figure 5.
The symmetrical arrangement of return paths around a central core approxi-
mates the closed coaxial toroid shown in Figure 4 and thus preserves the
characteristic low value of leakage flux. The advantage of the sectored
concept is that coil construction is considerably simpler than with other

toroidal designs.

Current
In‘
n
Current r
Out LF’—"' L= ==
Top View of Coll with
One Section Removed
1003)
Sec(}on Detat | Sect}on Detall
rom A rom B

Figure 5. A Sectored Coaxial Toroid.

In the sectored comcept the toroid is constructed im segments. Each
segment is fabricated separately as a 'pancake’ coil. The core area of
each pancake coil is milled into a wedge shape and the segments are
assembled in the ’'sectored’ configuration., Electriocally and mechanically,
the core region is nearly coaxial. Fabrication by this technique is
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relatively straightforward. The pancake coil configuration has been used

extensively in high-field magnet design and is the primary concept used for
high purity aluminum coils. The cross—section of the toroid can be nearly
any desired shape. All that is required to define the cross-section of the
toroid is to wind the pancake coils on a mandrel having the same shape as

the desired cross—section of the toroid.

A possible disadvantage of building a sectored coil rather than a
completely enclosed toroid is the presence of fringing fields. The return
conductors in the toroid do not emtirely close the toroid in. More complete
closure, which would result in smaller fringing fields, can be achieved by
increasing the number of sectors. Amn important design point for a practical
coil would be the number of sectors needed to reduce the frimging fields to
acceptable levels for nearby electromics. A sectored toroidal coil repre-
sents a class of practical coil designs that offers high current capacity,

low mass, and minimal external fields.
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SECTION 3

SECTORED COIL DESIGN

The design of a sectored toroidal coil shares many of the same aspects
as the design of more conventionmal coils. In this section we will discuss
both the unigue aspects of sectored coils and the common aspects of induc-
tive energy stores. The first design step is unique to sectored toroidal
inductors: one must determine the number of sectors meeded to approximate a
closed toroid and thus reduce the magnitude of fringing fields to an
acceptable level. The other design points can be broadly characterized
together as ’'sizing’' and are common to the design of all types of inductive
energy stores., Sizing consists of designing a coil to have the required
inductance and resistance, while meeting the allowable stress and thermal
constraints of the coil structure. The following sections describe the

details of selecting and sizing a sectored toroidal coil.

3.1 FRINGING FIELDS

The magnitude of the leakage fields is inversely proportional to the
number of symmetric return paths or ’'sectors’ used. That is, the more
sectors that are used, the better the shielding will be. Unfortunately, the
construction may be more difficult with greater numbers of sectors. The
design problem is then to determine how many sectors provides 'adequate’
shielding, and more exactly, how the number of sectors relates to the magni-

tude of the fringing fields.

3.1.1 Fringing Field Analysis

The emphasis of the fringing field investigation was to find a rela-
tionship between the number of coil sectors and the magnitude of fringing
fields, During the study, areas of high and low field magnitude around the
coil were defined. These definitions could aid in orienting the coil to

avoid interference with sensitive electronic equipment.

3.1.1.1 Theory

The magnetic field that occurs at a point, due to the flow of current

in a flat strip, can be approximated by current flowing in a linear fila-




ment, as long as the point is an appreciable distance away from the con-

ductor. An appreciable distance would be 2 to 3 conductor widths for a
strip whose length is much greater tham its width, The magnetic field due
to a filamentary current, such as that shown in Figure 6, can be cslculated
using the Biot-Savart Law:

4B = (yidf/sind)/4nc? 3

where B = magnetic flux demsity,
Ko = permeability of free space,
i = filamentary current,
af = length of the filament, and
@ = angle between the dl vector and a vector directed from the
midpoint of df to P, the point at which the field is
ovaluated.
The expression for dB can be integrated to find the field due to a finite

length of comductor or a group of such coaductors.

<l

Figure 6. The Magnetic Field at a Point Due to a Filamentary Current, i,
Can Be Calculated Using the Biot-Savart Law,

3.1.1.2 Computer Modeling

We used a digits]l computer to integrate Equation 3 and evaluate the

magnetic field at various points around filamentary inductors composed of N,
sectors. A schematic of such a filamentary isductor with 4 sectors (N, = 4)

is shown in Figure 7. Regions of high and low field intensity were

10
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Figure 7. A Four-Sector Filamentary Coaxial Coil.

identified and finally, a curve fitting routine was used to define the
relationship of the magnitude of the field to the number of sectors in the

highest field region.

3.11.3 Description of the Coil Geometry

In order to describe the fields around an inductor, it is necessary to
define several terms relating to the coil geometry. Referring to Figure 7,

the following terms are defined:

coil axis — defined in the usual manner for toroids, as illus-
trated

coil midplane - the plene bisecting the toroid and normal to the
coil axis

coil center - the intersection of the coil axis and the coil
midplane

sector — a single section of the coil

sector plane - the plame of a sector

sector axis — the axis originating at the coil center and extend-
ing along the intersection of the sector plame and
the coil midplane

8, the dimension of a sector along the sector axis

coil radius




4 - the distance from the coil center normalized to the

coil radius (r = R/a, where R is the absolute
distance from the coil center to the point of
interest)

3.1.,2 Summary of the Fringing Fields Study

A detailed report of the fringing field analysis is appended to this
report. The results of the field analysis in the regiom surrounding a
sectored toroidal coil can be summarized as:

1. The magnitude of the magnetic field is greatest along the sector

axis and lowest near the coil axis.

2. The magnitude of the field directly on the coil axis is zero.

3. The magnitude of the field at a fixed point on the sector axis
varies as approximately one over the number of coil sectors. For
more than three sectors, this is a relatively weak dependence.

4. The magnitude of the fringing fields along the sector azxis
decreases as about 1/r8 for a six sector-coil.

5. The choice of the number of sectors is omly critical when system
design requires that sensitive equipment be placed close to the
coil, Orientation of the coil and distance to the sensitive equip-
ment will usually have a greater effect on fringing fields than the
number of sectors.

3.2 SIZING

The first comnsideration in sizing and designing a coil is the induc-
tance. The inductance is usually specified by the application, That is,
the designer is not free to choose the inductance, but must design the
¢oil to have the inductance required by the application. However, given an
inductance value, there is an infinite set of possible inductor configura-
tions and sizes which will provide the required inductance. The designer’s
task is to choose the coil configuration and size best suited to the

application,

For most applications of Air Force interest, minimizing inductor mass
is the primary design goal. Additional design goals might include minimiza-
tion of external or fringing fields and minimization of coil volume. As
this discussion progresses we shall examine the impact of these other fac-
tors. However, the primary optimization goal, we believe, is to minimize

coil mass. We now examine the implications of this goal.




3.2.1 Inductance

The inductance of amy coil can be written as

L, = kIN 4

where 1 = length of conductor
N = number of turnms
k = coil factor which depends only on coil configuration, not on
coil size,

The mass of a coil can be written approximately as

m = plA (5)

where p = density of conductors

A = cross—sectional area of conductors.

Combining Equations 4 and 5 we obtain

m = pAL /XN (6)

Lo is fixed by the application (i.e., it cannot be varied to minimize mass).
The conductor demsity, p, is fixed by the choice of conductor material. As
we shall see later, the choice of comductor material is constrained by other
factors and the conductor density is not necessarily free to be chosen to
minimize mass. Inspection of Equation 6 shows that design, therefore, must
concentrate on minimizing conductor cross—sectional area, A; maximizing the
number of turns, N; and maximizing the coil factor, k. Each of these

factors are constrained by one or more of the following effects:

(a) magnetic/mechanical stress
(b) temperature/thermal considerations
(c) electrical resistance

(4) high frequency effects, including high frequency resistance and
flux trapping.
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3.2.2 Stress_Constraint Effects

There are many possible toroidal configurations. One of the simplest

and most common configurations is a circular toroid as illustrated in
Figure 8. The highest magnetic fields in a toroid occur near the major axis
or ‘core,’ It is the core region therefore that produces most of the induc-
tance. Inspection of Figure 8 shows that a circular toroid has only 2 small
region of conductor in the core area. A circular toroid would therefore
have a relatively small inductance per unit mass. The high magnetic fields
near the core of a toroid also produce high compressive forces in the
toroidal windings in the core area. A circular toroid is not well suited to
sbsorbing those loads. Finally, in order to obtain minimum inductor mass
the windings must bhave uniform cross—section. The windings in a circular
toroid are in the poloidal direction and in order to achieve uniform cross-
section the geometry of the conductor must vary continuously from the core
to the outside of the toroid. Circular toroids are therefore not particu-

larly attractive for high current inductive energy stores.

Figure 8. A Circular Toroid.

Many of the problems of circular toroids canm be overcome with 'D'
shaped windings as illustrated in Figure 9. This configuration puts more of
the conductor in the high field region near the core and therefore increases
the inductance per unit mass. In addition the highly stressed core region
can be fabricated in a more mechanically robust manner. The ‘D’ shaped
toroid however does not address the fabrication difficulties of the circular
toroid in that the return conductor alomg the ‘D’ must have s continuously

varying shape.




Figure 9. A D-Shaped Toroid.

A third toroidal configuration is illustrated in Figure 10. This

configuration, 1like the ’'D' shaped toroid, places a substantial amount of

conductor in the high field core region. The core is well suited to taking

the high compressive 1loads. We conclude that D-shaped and rectangular
toroids are better suvited than circular toroids for low mass, high energy
inductors for two reasons: (1) they have a higher inductance per unit mass
and (2) the core, which is the region of highest stress in all toroids, is

better suited to support the compressive forces.

Figure 10. A Rectangular Toroid




3.2.3 Thermal Conmstraints

We are considering a mode of operation in which the coil is energized
to a specified average current level. During that period the coil may be
completely or partially discharged many times. It is recharged after each

discharge such that the average current level is maintained,.

During the pulse the coil comductors dissipate energy and that energy
appears as thermal energy in the coaductors. There are two choices for
handling this thermal energy. The first choice, referred to as thermal
inertia, is simply to allow the conductor temperature to rise, A maximum
desired temperature increase 1is chosen and the conductor minimum cross-
sectional area can then be calculated. The energy is subsequently removed
in the relatively long period between pulses. In the second approach the
conductors are actively cooled during the pulse and the conductor tempera-
ture remains constant. We have analyzed these two approaches for both
coaxial and sectored cores, Ve found that for pulse times up to 10 s and
current levels greater than approximately 10 kA, the thermal inertis

approach always resulted in the lightest coil.

3.2.4 Resistance

In some applications coil resistance is an important comstraint, The
resistance of the core can be readily calculated for either a sectored or
coaxial geometry. A thermally constrained core yields the highest core
resistance, The resistance may be lowered by increasing the core size,
This in turn reduces the thermal problems, but increases the mass and size
of the coil. The optimom coil design (i.e., least massive) seldom results
in an optimum system. The tradeoff between coil resistance and coil mass

can only be evaluated by optimizing the entire system,

3.2.5 High Frequency Constraints
3.2.5.1 High Frequency Effect on Inductance

A well known high frequency effect on impedance is the ’'skin effect.’
At high frequencies flux penetrates only the outer portion, or skin, of the
conductor. The effect is the same as decreasing the cross—sectional area of

the conductor and results in the resistance increasing as the frequency of

the current increases. The same phenomenon affects the inductance of a




b v

component but in a slightly different manner, While the effect on resis-
tance is caused by flux ’‘exclusion,’ the corresponding effect on inductance
is caused by flux ‘trapping.’ The result of flux trapping is that an

increase in frequency causes & decrease in the inductance of the component.

It is important to consider flux trapping when designing a coil because
it 1limits the amount of emergy that can be extracted from the coil in a
short pulse. Consider that an energy storage coil for pulsed power applica-
tions is charged over a long period of time, and then discharged for a time
that is relatively short compared to the charging time. Charging over a
long period of time can be thought of as low frequency, and discharging in a
short time as high frequency. Because the inductance of the store is a
function of frequency, the energy that is discharged at high frequency will
not be as much as the energy that was stored at low frequency. The energy
that is not extracted during the short pulse is 'trapped’ in the coil and
results in circulating currents that dissipate the energy as heat in the

coil conductors.

The energy that is trapped corresponds to the flux in the conductor and
the energy that is extracted in a short pulse corresponds to the flux in the
'open’ area of the coil. These two regions are depicted in Figure 11. The
energy dissipated in the coil is especially important in rep-rated systems.
The trapped energy can be minimized by designing 'thin’ coils, that is,

coils with a winding thickness that is small compared to the coil radius.

Conductar Area

"Opent fcarel Area
(134 7)

Figure 11, Flux Trapping in a Solemoidal Coil.




Thin coils store a large portion of the emergy in the (air) core and store a

minimum of energy in coil coanductors.

3.2.5.2 High Frequency Effect on Resistance

The other important high frequency effect is the skin effect resis-
tance. During discharge the current is confined to the comductor surfaces
and the apparent resistance of the coil increases. This effect results in

sdditional energy dissipation and can affect coil performance in some appli-

cations.
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SECTION 4

THE DEMONSTRATION COIL

In order to prove the principle of sectored toroidal coils, we
designed, fabricated, and tested a 10 kA demonstration coil. The design of
a 'proof-of-principle’ inductor is different from the design of a practical
coil. In a practical design, orne would design an inductor to have the
inductance, resistance, and mass required by the application. The con-
straints in a ‘proof-of-principle’ design are determined by the capabilities
of the test facilities, In this case, the major constraints were power
supply limitations and the size of an available cryostat. The coil was
designed so that it could be tested at the Wright-Patterson High Power
Laboratory and demonstrate many of the most important coil design con-
straints. These constraints included thermal, stress, inductamce, and

resistance.

4.1 DEMONSTRATION COIL PARAMETERS

The demonstration coil was designed to conduct a current of 10,000 A
for 10 s. The conductor cross-section was chosenr so that during the 10
second pulse, the maximum temperature rise would be 100 K in the smallest
core conductors and 50 K in the return comnductors. The demonstration coil
characteristics are summarized in Table I and the coil concept is illus-

trated in Figure 12.

secter W

Figure 12. The Demonstration Coil Concept. (The nearest sector is removed
to show the coil core.)
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TABLE I
DEMONSTRATION COIL CHARACTERISTICS

Configuration: Toroidal, sectored

Cross—section: D-Shaped

Sectors: 6, symmetrically arranged
Turns: 10
Dimensions: overall height 0.39 m

overall diameter 0.47 m

Conductor Material: Al1-1100-0
Interturn Insulation: Scotchply.
Inductance at 1 kHz: 13.6 pH

Room Temperature Resistance (dc): 0.93 mQ
LN, Temperature Resistance (dc): 0.16 mQ

Rated Current (10 sec. pulse): 10,000 A

. Scotchply is a registered trademark of the 3M Company.

The product is a fiberglass—reinforced, epoxy-resin tape.

4.2 FORCED COOLING SYSTEM

Although the demonstration coil was sized so that active cooling was
not necessary, forced-flow cooling was included in the core region so that
we could study the performance of a particular cooling system. The forced-
flow cooling process consists of three stages: first, liquid nitrogen, the
coolant, is supplied to the coil under moderate pressure (less than 20 psi);
next the coolant flows into the core of the coil as shown in Figure 13; and
finally the liquid nitrogen is directed through coolant passages, and out
between adjacent sectors to cool the comductor edges as illustrated in
Figure 14, The coolant supply pipe, core region, and coolant channels are
visible in Figure 15, a photograph of the partially assembled coil, The
complete coil and forced cooling system was designed so that the coil could

be operated with or without forced cooling of the core region conductors,
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Figure 13. Coolant Flow to the Demonstration Coil.
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/ Flow
Core
Coolant
-
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Conductors
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(849)

Figure 14. Coolant Flows from the Core Region Out Between Sectors,
the Edges of the Comductors.
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Figure 15. The Coolant Supply Pipe, Core Region, and Coolant Channels are
Visible in This View of the Partially Assembled Coil.

4.3 TESTING

The test procedure was organized as four major test series: (1) imped-
ance measurements at room temperature, (2) impedance measurements at cryo-
genic temperatures, (3) current tests, and (4) active cooling tests.
Complete descriptions of the test objectives, procedures, and instrumenta-
tion are documented in the Research and Development Test Plan which is
appended to this report. The following sections describe the results of the

four test series.

4.3.1 Impedance_ Messurements

The objective of the first two test series was to verify the electrical
design of the sectored inductor. To verify the electrical design of the
coil, we measured the inductance of the coil components and assembly., and

the resistance of the coil components st 78 and 300 K.
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4.3.1.1 Inductance

Inductance measurements were taken and anmalyzed to meet four objec-

tives:

1. To identify damaged or improperly wound sectors.

2. To determine the inductance of the assembled coil and down-leads.

3. To quantify flux coupling between sectors.

4. To measure the amount of flux tfapping that might occur at various
frequencies.

The results of these four tests are described in the following sub~

sections.

4.3.1.1.1 Sector Inspection. We measured and recorded the imductance of
each sector as shown in Table 2. Notice that sectors one and two had =&
different impedance than the other four sectors. We felt that sectors one
and two had turns that were touching or perhaps bridged by small metal
cuttings from the machining process. This hypothesis is supported by the
value of parallel resistance recorded in Table 2. The smaller magnitude of
parallel resistance for sectors one and two indicates an impedance parsllel
to the sector windings. Windings cannot easily be ’‘shorted’ together in the
traditional sense of the word. That is, the resistance of the sector con-
ductor is so small that it is physically impossible to bridge two turns with
a resistance that is significantly less than the resistance of the sector.
Using impedance measurements to identify improperly wound or damaged
sectors we determined that sectors ome and two were faulted and that sector

six was marginal.

We subjected sectors ome, two, and six to a rigorous cleaning and
etching process to remove the edges or particles that might be faulting the
turns, We measured the impedance of all of the sectors again to evaluate
the cleaning process. The final impedance of each sector is shown in
Table 3. The recorded values for the impedance of sectors three, four, and
five differ from those in Table 2 because, the measurement technique was
improved by carefully designing a shielded four—-terminal measurement jig.

The cleaning process was effective and the final inductance of every sector

was within 0.5 per cent of the average sector inductance.




TABLE 2

SERIES AND PARALLEL IMPEDANCE OF COIL SECTORS

Series } Parallel
3 | L R Q | L R Q
¥ SECTOR = (mH) (ohms) = (mH) (ohms)
1 | 0.0415 0.078 3.4 | 0.0477 1.04 3.4
2 | 0.0412 0.088 3.0 | 0.0459 0.93 3.2
3 | 0.0457 0.018 16.2 | 0.0456 5.26 18.0
4 | 0.0454 0.018 16.2 | 0.0456 5.38 18.4
5 | 0.0453 0.018 16.3 | 0.0455 5.22 17.9
6 | 0.0451 0.017 16.7 | 0.0453 4.65 16.0
g
TABLE 3
SERIES AND PARALLEL IMPEDANCE OF COIL SECTORS
AFTER CLEANING PROCESS
Series | Parallel
|
| L R Q | L R Q
SECTOR | (mH) (ohms) | () (ohms)
] |
1 | 0.0449 0.010 28.0 | 0.0450 8.1 28.2
2 [ 0.0449 0.010 28.0 | 0.0450 8.2 28.0
3 | 0.0451 0.010 29.0 ) 0.0451 8.2 29.0 .
4 | 0.0451 0.010 28.0 | 0.0452 8.2 28.0
: 5 | 0.0449 0.010 29.0 | 0.0450 8.3 28.0
g 6 | 0.0448 0.010 29.0 | 0.0448 8.2 29.0 -

4.3.1,1.2 Coil Assembly Inductance. We determined the inductance of the

assembled coil by measuring the inductance of the asseably and subtracting

the inductance of the down-leads. We measured the inductance of the down-
; leads by replacing each sector in the assembly with a small shorting strip
E and measuring the inductance of the shorted downleads. The positioned
shorting strips are visible in Figure 16. After correcting for test-lead

inductance, the assembled coil inductances were:
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Figure 16. Shorting Strips Replace the Coil Sectors During a Down-Lead
Impedance Measurement.

Inductance of Assembly: 0.0139 mH
Inductance of Down-leads: 0.0003 mH

Coil Inductance: 0.0136 mH

43.1.1.3 Flux Coupling. To quantify the flux coupling between sectors in
a sectored inductor, the coil was assembled with various numbers of sectors
in several arrangements. The inductance of each arrangement was measured and
recorded with a sketch indicating the relative position of the sectors. The

inductance of several arrangements is shown in Table 4.

Each arrangement is simply a commection of several inductors in paral-
lel and the mutuval inductance between the inductors as shown in Figure 17,
Since the value of each inductance is known, and the inductance of the
arrangement is known, it is straightforward to calculate the values of the
unknown mutual inductances. The coupling coefficient follows directly from

the mutval inductance. By comparing the coupling coefficient versus the
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TABLE 4
INDUCTANCE OF PARTIAL COIL ASSEMBLIES

_(ZBNF IGURATION INDUCTANC;
% 45,1 wH
% 28.4 wH
% 25,1 vH
% 24,5 uH

(1889)

positions of the sectors relative to each other, ome can get a much better
idea of the effect of the number of sectors on the final inductance of the
assembly. A comparison of the coupling coefficient versus relative position

of two sectors is presented in Figure 18.

4.3.1.1.4 Flux Trapping. Flux trapping in 1ndﬁctots is characterized by a
change in inductance with change in frequency. The significance of this
frequency effect was discussed in Subsection 3.2.5.1. To quantify the
degree of flux trapping that might occur inm the coil, we measured the
inductance of the assembly and down-leads at various frequencies. The

inductance versus frequency for the coil components is shown in Figure 19.
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Figure 17. Three Mutually Coupled Inductors in Parallel.

Coupling Factor

Figure 18. The Coupling Coefficient Versus Angle Between Two Sectors.
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Figure 19. Inductance of the Coil Components Versus Frequency.

Figure 19 can be used to determine how fast enmergy can be extracted from the
coil. For example, the inductance decreases spproximately 5% as the fre-
quency is increased to 10 kHz. This indicates that 95% of the stored energy
can be extracted from the coil in 25 ps. The remaining 5% of the stored
energy would be dissipated as heat in the coil conductor. It is important
in pulsed, and especially rep-rated, applications to account for the dif-

ference between energy stored and energy extracted during each cycle.

4.3.1.2 Resistance

The resistivity of pure aluminum decreases by a factor of seven times
when it is cooled from room temperature (300 K) to boiling nitrogen tempera-
ture (78 K). To verify this change of resistivity for commercial ly available
aluminum, a sample of the 1100-0 Aluminum used to wind the coils was sent to
Professor Jim Ho at Wichita State University. Professor Ho measured the
resistivity of the aluminia at room temperature and at boiling nitrogen

tempersture. His resistivity measurements are shown in Table S,
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TABLE §

RESISTIVITY OF 1100-0 ALUNINUN
AT ROOM TEMPERATURE AND BOILING NITROGEN TENPERATURE

Resistivity (pQ-cm)

: Materisl 298 Kk 78 K p(298 K)/p(78 K)
E Al 1100-0 2,97 0.438 6.78
} We measured the resistance of a single coil sector, the down—1leads,

and the entire coil assembly at two temperastures: 300 K and 78 K. The
resistances and calculations of the resistivity ratios are shown in Table 6.
We used a four—-terminal shunt technique as shown in Figure 20 to make dc¢

resistance measurements accurate to 2%.

TABLE 6

IMPEDANCE OF THE PULSED ENERGY STORAGE COIL
AT ROOM TEMPERATURE AND BOILING NITROGEN TEMPERATURE

Resistance . :

i Inductance (m0) Resistivity )
‘ Component (uB) (300 K) (78 K)  Ratio

One Sector 44.9 5.84 0.855 6.8
. Down-leads 0.5 0.207 0.121 1.7
] Asgembly 14.1 1.14 0.276 4.1

Coil

(Assembly - Down-leads) 13.6 0.933 0.155 6.0




CVR

(1454)

Figure 20. A Four-Terminal Measurement Technique.

We were concerned that winding the aluminum into & coil and machining
the edges might ‘work-harden’ the materisl. Work hardening usually results
in a slight increase in the resistivity of the aluminum. Thkis effect would
be more pronounced at decreased temperatures (less than 80 K) and could be
detected by comparing the resistivity ratio of an unworked piece to a piece
in which work hardening was suspected. The resistivity ratio in Table 5§
represents an unworked piece of aluminum., The ratio for a single sector in
Table 6 represents a possibly work-hardened piece. Comparing the two
values, 6.78 and 6.8, we determined that any work hardening that may have

occurred did not affect the resistivity of the material at 78 K.

4.3.2 (Current Tests

Testing the ability of the coil to conduct current in the kiloampere
range wvas done at the High Power Laboratory at Wright Patterson Air Force
Base. The current tests were divided into two series: resistance char—

scteristics at the coil terminals, and current sharing between sectors.

4.3.2.1 Terminal Characteristics —— Resistance

The minimummass design of an inductor jis either stress or thermally

constrained. The demonstration coil was thermally constrained to a mazimum
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cuorrent of 10,000 A, Maximum conduction time was limited by the rate at
which the coil comld dissipate heat to the surrounding liquid nitrogen bath.
Unfortunately, heat transfer rates from conductors to a boiling nitrogen
bath are dependent on rather nebulous factors such as surface finish and
orientation of the comductors. Calculating the heat transfer rate is fur-
ther complicated by the fact that most experimental data has been taken for
materials such as polished gold. Recording the temperature rise in the
aluminum coil conductors of the demonstration coil would yield a better
understanding of the thermodynamic properties of practical pancake coils and

hence sectored coils cooled by liquid nitrogen.

Measuring the temperature change of the conductors at 78 K with thermo-
couples would involve measuring millivolt signals from thermocouples to an
accuracy of about 10 microvolts. This is difficult to accomplish when the
conductor is carrying several kiloamperes and its potential is floating off

ground by up to 400 volts.

An alternative method to measuring the temperature of the coil conduc-
tors was to measure the coil voltage and current versus time and calculate
the coil resistance. The resistivity of the coil conductors is a strong
function of temperature, s0 the temperature could be calculated from the

resistance of the coil.

To evaluate the change in resistance of the coil versus time, we need
to make current and voltage messurements with little or no drift over
periods of tems of seconds. We installed two isolation amplifiers so that
the coil voltage could be measured directly and the current could be moni-
tored by measuring the voltage across an existing current viewing shunt.
The isolation amplifiers allowed us to make an accurate calculation of the

coil resistance as s functionm of time for any current pulse,

The limes in Figure 21 represent curves of constant resistance. They
were calculated based on the measured resistance of the coil at 78 and
300 K. The two curves at 130 and 180 K are estimated by interpolatimg the
change in resistance of the coil parts from the resistances measured at 78
and 300 K. Any increase in temperature during a pulse at a given current

would correspond to points above the lower (78 K) curve,
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Figure 21. Coil Voltage Versus Current at Constant Resistance,

The coil was charged to various currents for various pulse times. The
initial and final resistances for these pulses is displayed in Table 7. The
maximum current-time product (i2t) was limited by power supply control
difficulties. The LING power supply at the testing laboratory cannot regu-
late into a very low impedance load such as the demonstration coil. Limited
operation was achieved by placing a large magnet in series with the demon-
stration coil. Unfortunately, the large magnet was designed to conduct
10 kA for only fractions of a second. VWe were not able to test at higher

current—time products during the coil test program.

We were not able to detect a significant increase in resistance during
any of the tests. Tests at higher current-time products could yield
invaluable data for designers of future high current sectored coils. We
believe that the procedure descridbed in this section for measuring the coil

temperature can be used in future tests to produce much of this data,

4.3.2.2 Current Sharing

An N-sectored coil is a parallel arrangement of N inductances each in

series with a small resistance. Additionally, each sector is coupled by a
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TABLE 7
COIL RESISTANCE FOR VARIOUS CURRENT PULSES

===z

PEAK PULSE INITIAL FINAL
CURRENT DURATION RESISTANCE RESISTANCE
(kA) (sec) (mQ) (mQ)
1.7 4.0 0.25 0.22
3.0 4.1 0.23 0.23
4.5 4.5 0.24 0.24
6.0 5.9 0.25 0.26
6.3 5.2 0.24 0.25
7.5 5.5 0.24 0.25§
9.2 8.9 0.26 0.24

mutual inductance to each of the other sectors, A schematic of a three-
sector coil was shown in Figure 17. A six~sector coil, such as the demon-
stration coil, has six self-inductances and fifteen mutual-inductances.
Each sector was sized assuming that it would conduct one sixth of the total
current. This should have been a valid assumption because the sectors are
electrically in parallel and so would conduct equal currents if they have
equal impedance. The sectors do have approximately equal impedances because
each sector was made as nearly identical to the others as possible., If all
the sectors were identical, each would have the same resistance and self-
inductance. Additionally, the mutual inductances tend to force equal cur-

rents between each of the sectors.

To verify that the sectors shared current equally, we measured the
sector currents with Rogowski coils and electrical integrators at various
coil currents. The sum of the sector currents was also compared to the
total coil current as measured by the series shunt as a check of the mea-
surement technique. Current sharing data at various current magnitudes is

shown in Table 8.

From the data in Table 8, we see that the each sector conducted close

to one sixth of the total coil current. We estimate the error of the
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TABLE 8

SECTOR CURRENT AT SEVEN TEST CURRENT LEVELS

Total Test Current 'n Co:l i Test : Percen:t
B et et e Bt et it ‘Average . D: fference!
. {SECTOR: 2ke ¢ 3KA ! 4KA | Ska | &kRA | KA | BKa 2t ldeal
{ 18 17 17 is 161 14 16 142 -2.1
2 17 1s 17 18 Sl 18 15 143 1.8
CNORMAL I ZELD ! 3 . Jdod 130 .13 .18 .18 130 13 L1770 2,4
i SEITOR  mmm e e o e e :
CURRENTS | 4 H Llal 160 1o - .15 Slal s 158! -%.2!
S 17 17 16 18! 18 17 17 164 -. 3
> 14 16 | 38 12 W17 17 18 169 1.2

averaged sector current measurements to be less than 1%. Sector 3 conducted
6.4% more than one sixth and sector 4 conducted 5.3% less than ome sixth of
the total coil current, These small differemces in conducted curremt are
reasonable becauvse no effort was made to insure that each sector was

assembled and cleaned exactly the same as the others.

4.3.3 Forced Cooling System

We planned to test the forced comvective cooling system at three dif-
ferent flow rates. We would momitor the performarce of the forced cooling
by calculating the temperature rise in the core conductors as a function of

time for each flow rate.

As mentioned in subsection 4.3.2.1, the maximum current-time product at
which we were able to test the coil was limited by the power supply and
magnet shunt. At the maximum current-time product, 200 qus, and no coolant
flow, the coil resistance did not change noticeably during the current
pulse. A much higher test current and current-time product would be

necessary to evaluate the forced cooling system performance.

4.4 EVALUATION

The demonstration coil met or surpassed a1l design specifications. The
coil was conservatively rated at 10,000 A for conduction times up to 10 s.
This (conservative) limit was based on thermal heat transfer considerations

in the core area., We tested the coil to a maximum of 9200 A for pulses of

VS IR, STV




up to about 5. During the test period, the operators of the test facility
began work to modify the power supply shunt so that the power supply may be
operated up to its full rated cursrent of 12 kA with small loads such as the

sectored demonstration coil. It is unfortunate that this work was not

completed during this contract period because the coil performed exception-

ally well up to the maximum output of the power supply.

Evaluation of several key design issues is discussed in the following

sections.

4.4.1 Coil Resistance

The resistance of the coil decreased by a factor of seven as it was
cooled from room temperature to boiling mnitrogen temperature. The resistiv-
ity ratio is the same for an unworked piece of the same aluminum. This
indicates that toroidal coils can be wound from commercially pure aluminum
using the sectored coil approach without affecting the benefits of cooling
the coil to 78 K. The benefits of cooling are a decreased resistance or
higher electrical efficiency and come with the added complexity of cryo-
genics and associated systems. The system payoff (or loss) would have to be
evaluated for each application to determine if cryogenic cooling resulted in
a8 more optimum system. The benefits of cryogemic cooling are negated if the
coil cannot be maintained at mear cryogenic temperatures during current con-
duction., The sectored concept results in a coil that can be conveniently

cooled during current conduction.

4.4.2 Current Sharing

Each sector of the demonstration coil conducted within 6.4% of one-
sixth of the total coil current. No special measures were made to insure
that each coil conducted exactly one—-sixth of the total coil current. The
high degree of current sharing was expected and occurs due to three factors:
(1) the sectors were all constructed on the same mandrel and were thus
nearly identical in size and shape, (2) the resistance of each sector is a
strong function of temperature and tends to force equal current conduction,
and (3) the sectors are inductively coupled to each other making the curreat
sharing especially stable during transient conditions such as coil charging ‘

and discharging.




4.4.3 Forced Convective Cooling

The forced comvective cooling system was not tested to determine its
effectiveness in cooling the coil core area. The system was tested to
determine if reasonmable coolant flow rates could be generated with moderate
pressure on the coolant supply Dewar., We found that we could supply cool-
ant to the core region at 0.5 1/s with 25 psi pressure on the supply Dewar,
The coolant supply system performed well and should certeinly be considered
in place of a cryogenic pump in any laboratory or practical cooling applica-
tion. The effectiveness of forced convective cooling on the coil perfor-
mance is important to know and can hopefully be evaluated in future tests of
the coil.




SECTION 5

CONCLUSIONS

The sectored toroidal inductor meets most present and future Air Force

needs for inductive energy storage and pulse forming., The 10,000-A coil

built and tested to demonstrate the sectored-coil concept surpassed all

design parameters. Additional performance data will be available as the

coil is used in switching studies during the next several years.

Designing and testing the sectored toroidal inductor led to the

fol lowing conclusions:

1.

The coil is simple to construct compared to any other present

concept to build practical high current toroidal inductors.

The coil is well suited to cryogenic operation becaunse it is easy
to immerse in liquid cryogen and can be constructed with materials

that sre unsable in cryogenic environments.

The open sectored concept allows a variety of cooling schemes not

possible with most other toroidal coil concepts.
Electrical insulation can be tailored to meet the application,

Fringing fields vary as 1/t8 for a siz-sector coil, extremely low

and well suited for practical applications.

The design is rugged and easy to tailor to meet various stress or

thermal constraints.

The sectored coil could be constructed when scaled to at least

several million amperes because the pancake sector concept allows

wrapping multiple parallel current conductors.




SECTION 6

RECOMMENDATIONS

The demonstration coil performed exceptionally well to the limit of the
existing test facilities. We have carefully reviewed the state of the art
in coil design and the demonstration coil program and concluded that two

projects be undertaken:

1. The 10,000-A demonstration coil should be tested at higher cur-
rents and for longer times, Testing at up to 20,000 A snd for
periods of § to 60 seconds would give data that would be extremely
valuable in full scale (>100 kA) coil designs.

2. A full-scale (100-1000 kA) coil should be built and evaluated for
use in practical applications. There is no other toroidal coil
design that shows such great promise to meet present and future

Air Force needs in applications such as airborne or space-based

electromagnetic launchers.
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APPENDIX A

Magnetic Fringing Fields Around a
Multisector Toroidal Imnductor

Donald E. Johnson
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SECTION 1

INTRODUCTION

Minimizing system mass is the top priority in many pulsed power appli-
cations. Inductive energy stores are often considered because they have low
specific mass and volume characteristics. An attractive configuration for
applications requiring inductive emnergy storage is a toroidal coil,
Circular and rectangular toroidal coils are shown in Figures 1 and 2

respectively.

Figure 1. Circular Toroidal Coil.

023

\\ﬁ \
:\\_\”

Figure 2, Rectangular Toroidal Coil.

A toroidal coil does not usually store as much energy per unit mass as
a solenoid, but it has the advantage of minimal 1leakage flux. Flux leakage
is minimized becauvse the coil conductors completely enclose all of the flux.




The chief disadvantage of toroidal coils is that they are difficult to
construct. Construction problems are intensified when multiturn designs are
envisioned. One manner inp which a toroidal coil might be real ized is the
‘coaxial’ coil geometry shown in Figure 3. The coil is considered coaxial
because each turn can be thought of as a section of electrically shorted
coaxial cable. The coaxial coil as shown is still difficult to realize
physically. Joining of the tubes to the end plates while preserving inter-
turn insulation would be mnearly impossible. An approach which may solve
the construction problem of coaxial toroidal <coils while preserving the
advantages of low leakage fields is the ‘sectored’ coaxial coil. This
concept is depicted in Figure 4, The symmetrical arrangement of return
paths around s central core approximates the closed coaxial toroid and thus

preserves the characteristic low value of leakage flux.

Coax1AL TERMINATION
TERMiNAL

PLATE

TERMINAL
RinG

g1

Figure 3. A Coaxial Toroidal Coil,

The magnitude of the leakage fields is inversely proportional to the
number of symmetric return paths or ’'sectors’ used. That is, the more
sectors that are used, the better the shielding will be. Unfortunately, the
construction is more difficult with higher numbers of sectors. The design
problem is then to determine how many sectors provides ‘adequate’ shielding,
and more exactly, how the number of sectors relates to the magnitude of the

fringing fields.
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Figure 4. Sectored Coaxial Toroidal Coil

The emphasis of this investigation was to find a relationship between
the number of coil sectors and the magnitude of fringing fields. During the
study, areas of high and low field magnitude around the coil were defined.
T These definitions could aid in orienting the coil to avoid interference with

sensitive electronic equipment.
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SECTION 2

FRINGING FIELD ANALYSIS

2.1 THEORY

The magnetic field that occurs at a point, due to the flow of current
in a flat strip, is approximated by current flowing in a linear filament, as
long as the point is an appreciable distance away from the conductor. An
appreciable distance would be 2 to 3 conductor widths for a strip whose
length is much geater than its width. The magnetic field due to a filamen-

tary current, i, of length, d1, can be calculated using the Biot-Savart Law:
dB = (u,idlsin@)/4nc? - (1)

where B is the magnetic flux density,

#, is the permeability of free space,
@ is the angle between the d1 vector and a vector directed from the

midpoint of d1 to P, the point at which the field is evaluated.
The expression for dB can be integrated to find the field due to a finite

length of conductor or 2 group of such conductors.

2.2 COMPUTER MODELING

We used a digital computer to approximate the integration of equation 1
and evaluated the magnetic field at various points around inductors composed
of N, sectors. A schematic of such a filamentary inductor with 4 sectors
(Ng = 4) is shown in Figure 5. Regions of high and low field intensity were
identified and finally, a curve—fitting routine was used to define the

relationship of the magnitude of the field to the number of sectors in the

highest field region.

2.3 DESCRIPTION OF THE COIL GEOMETRY

In order to describe the fields around am inductor, it is necessary to

define several terms relating to the coil geometry.
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A Sector
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Coil Axis

\\\\\\\ Coll Midplone
/_*—-

The Sector
Angle

(809)

Figure 5. A Four-Sector Fil amentary Coaxial Coil.

Referring to Figure

out this report:

coil axis

coil midplane

coil center

sector
sector plane

sector axis

sector angle

coil radius

nondimensional
radius
e e L ey

5, the following terms will be used through-

defined in the uvsual manner for toroids, as illus-

trated
the plane bisecting the toroid and normal to the coil
axis

the intersection o. he coil axis and the coil mid-

plane
a single section of the coil
the plane of a sector

the axis originating at the coil center and extending
along the intersection of the sector plane and the

coil midplane
the angle between two adjacent sector axes
a, the dimension of a sector along the sector axis

r = R/a, where R is the distance from the coil center
to the point of interest.
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SECTION 3
RESULTS OF THE FIELD STUDY

The symmetry of the toroidal coil implies that only a portion of the
space around a coil need be studied in order to evaluate the field every-
where around the coil. For a sectored coil, the space between two adjacent
coils (actually only one half of the space) and on one side of the coil
midplane is sufficient, The results can then be repeated for each
‘quadrant’ and the field will be described everywhere around the coil. The
results reported here are organized into four sections, each representing a
particular ’'zone’ of the space around a sectored toroidal coil, The zones

are the midplane, the sector plane, the coil axis, and the sector axis.

3.1 THE FIELD IN THE COIL MIDPLANE

The field at a constant radius of 1.2, in the coil midplane, is shown
in Figure 6. The horizontal axis is in normalized angle units so that 0 to
1 salways represents the sector angle. As would be expected, the field
intensity is greatest along the sector axis, or at normalized angles of O
and 1. This implies that the field can be studied in the sector plane and

the field everywhere else assumed to have less magnitude,
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c r= 1.2 ot
- N
™~y
3
~
£)
2 “ selt.
= (.
v
N
)
- Yosect
RGN
=2 £-sect.
w
v
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Qr C -
< 5.9 ¢-sect,
& d-sect,
- ‘VW'SNV
n 1 | ] ol |
0 0.2% 0.5 0.75 1.0

Sector Angle  (2aM,)!
Figure 6. Magnetic Field Intensity in the Coil Midplane.




3.2 THE FIELD IN THE SECTOR PLANE

The field in tho sector plane is plotted for constant radii in Figure
7. The angle between the coil midplane and the coil axis is always 90
degrees independent of the number of sectors. The highest value of magnetic
field occurs on the sector axis, On & constant radius, the maximum field
occurs at 45 degrees, at the ’‘corner’ of the coil. The field is high here
because this point is closest to a conductor. The field minimum is always

on the coil axis.

3.3 THE FIELD ON THE COIL AXIS

Due to the symmetry of the toroidal coil, the field on the coil axis
will always be zero. As shown in Figure 7, there is a come of approximately
10 degrees from the coil axis where the field is at least an order of
magnitude less than the field on the sector axis. This cone describes the
best area to place field sensitive equipment which must be placed near the

coil.

L4-Sectors

e}

Magnetic Flux in Units of uwWb/m* A-Turn

0.1

0.01

T ¥ "Tll’]

MR WS WO W M NN SR Ak
O 10 20 30 4 % 60 70 8 9
Anale From Midpiane in Degrees

Figuze 7. The Magnetic Field ia the Sector Planme.




3.4 THE FIELD ON THE SECTOR AXIS

The area of maximum field intensity is along the sector axis. Because
this area would be the most troublesome area for nearby components, a
detailed relationship was dorived for the field in this critical area.

The field intensity along the sector axis decreases as about 1/£5. The
rate of decrease depends on the number of sectors in the coil. Figure 8
shows the decrease in field intensity with distance for coils of various
numbers of sectors, A power curve fit program was used to derive amn equa-
tion relating the magnitude of the magnetic field to the distance from the
center of the coil, The constants of each curve fit relation were then
paired with the number of sectors and a curve fit for the two constants was
applied. The final result is then am equation relating the magnitude of the
magnetic field to the number of sectors and the distance from the center of

the coil:

By = 2.19110'5 N:°-9°4 g[~4.94exp(0.0871N,) ] (2)

where N, is the number of sectors and r is the coil radius.

oL
B2 No. of Sectors

i

(.20

0.0

Mgnetic Flux i~ tnjits of ,uwb/m2 A-Turn

1.0 1.2 1.4 1.6 1.8 2.0
Normaljzed Racdius Units (r)

Figure 8. Magnetic Field Intensity Along the Sector Axis.
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Equation 2 was derived for an 'optimized’ coil geometry, (i.e., ome in
which the coil height is twice the radius). The total coil current was 1 A
and the coil radius was 1 m, The magnetic field intensity is in Wo/e?. To

apply the equation to other coil sizes and coil currents, it is necessary to

multiply the answer by two factors: first, the stored current in the coil

1 in amperes; second, one over a, the radius of the coil in meters.
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SECTION 4

CONCLUSIONS

results of the field analysis in the region surrounding a sectored

coil led to the following conclusions:

The magnitude of the magnetic field is greatest along the sector

axis and lowest near the coil axis.
The magnitude of the field directly on the coil axis is zero.

The magnituvde of the fields along the sector axis varies as
approximately one over the number of coil sectors. For more than

three sectors, this is a relatively weak dependence.

The magnitude of the frinmging fields along the sector axis

decreases as about llr8 for a six—sector coil.

The choice of the number of sectors is highly important only when
system design requires that semsitive equipment be placed close to
the coil. Orientation of the coil and distance to the sensitive

equipment are usually more important design points.




APPENDIX B

Research and Development Test Plan for the
Pulsed Inductive Energy Store

John P. Barber
Donald E. Johnson

52




TABLE OF CONTENTS

Section Page
1 INTRODUCTION . . . « « o & o o o o s o s o o s o o o ¢« s « 56
2 TEST SERIES 1 - ROOM TEMPERATURE INPEDANCE MEASUREMENTS. . 56
2.1 Sector Impedance Measurements . . . . ¢« « « « « « o o o & 56
2,2 Assembly Impedance Measurements . . . . « . .« ¢ ¢ o« o o . 58
3 TEST SERIES 2 - CRYOGENIC TENPERATURE IMPEDANCE

MEASUREMENTS . . . . . & ¢ o ¢ « o o o « s s s ¢« o o« s 4« o 58
3.1 Sector Resistance at Cryogenic Temperature . . . . . . . . 58
3.2 Down-Lead Resistance at Cryogenic Temperature . . . . . . 59
3.3 Assembly Resistance at Cryogenic Temperature . . . . . . . 59
4 SEQUENCE FOR TEST SERIES 3 AND 4 . . . . . ¢ ¢ ¢ o ¢ o o & 59
5 TEST SERIES 3 — CURRENT TESTS . . . . ¢ &+ +v & s « o« s o « 61
6 TEST SERIES 4 ~ ACTIVE COOLING EVALUATION . . .. ... . 61
7 RECORDING INSTRUMENTATION . . . . & & ¢ ¢ o o o o o o o o 62

.

a
.
4




LIST OF ILLUSTRATIONS

Time Sequence of Events in Coaxial Coil Test
Coaxial Coil Test Circuit




A
.
!
&

$

LIST OF TABLES

Table Page

1 Test Plan 57




1. INTRODUCTION

This document is a research and development test plan for use on the
program ’'Pulsed Energy Storage Coil Development and Data’ under Air Force
Contract No. F33615-82-C-2224. The test plan will be used as a guide in
experimentally validating the performance of the Coaxial Inductor under
construction omn this contract. The test plan defines and describes the
various tests and outlines the procedures which will be used in accomplish-

ing these tests.

The test procedure is divided into four major test series: (1) imped-
ance measurements at room temperature, (2) impedance measurements at cryo-
genic temperatures, (3) current tests, and (4) active cooling tests.
Descriptions in terms of test objectives, procedures, data and instrumenta-
tion for each of these test series are shown in Table I. The test series

are discussed in the following paragraphs.

2. TEST SERIES 1 - ROOM TEMPERATURE IMPEDANCE MEASUREMENTS

The three objectives of these measurements are: (1) to verify the
electrical design of the sectored inductor, (2) to identify sectors that
might have had turns ‘shorted’ during winding, and (3) to quantify flux
coupling between sectors in coils of various numbers of sectors. The room
temperature measurements will be divided into sector measurements and

assembly measurements.

2.1 Sector Impedance Measurements

There are several opportunities during the winding and machining of a
sector for the turns to become shorted together. These faults can be iden-
tified by measuring the impedance of the sector. Am inductance reading less
than normal would indicate less turns, i.e. 'shorted turns.’ It is likely
that the fault would also cause a deviation in the normal parallel resis-—

tance of the sector. The measurements will be conducted as follows:

(1) Mark a specific location on a nonmetal bench, at least three feet away
from any 1large metal objects so that each sector is measured in the

same way.
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(2) Fix and mark the position of the bridge and the position of the

measuring cable so that it does not move during the test.

(3) Measure and record the series and parallel impedance of each sector.

2.2 Assembly Jmpedance Measurements

The room temperature impedance of the toroidal inductor will verify the
electrical design of the coil. It will be necessary to separate the imped-
ance of the down—leads from that of the coil. The down-lead impedance will
be determined by replacing the coil with a short circuit and measuring the
impedance at the assembly terminals. In addition, information about flux
coupling in sectored coils can be obtained by measuvring the impedance of the
coil with various numbers of sectors in place. The test procedure will be

as follows:

(1) Replace all six sectors with shorting strips.

(2) Tighten all bolts to insure good electrical comnections.

(3) Record the impedance of the assembly as ’‘the down—lead impedance.’
(4) Remove the shorting strips and add sectors in various configurations.

(s5) Record the impedance of each configuration with a sketch that

describes the configuration and the serial number of the sector used.
(6) Attach a shorting strip in place of the assembly.

(7) Measure the impedance of the test leads attached to the shorting
strip.

3. TEST SERIES 2 - CRYOGENIC TEMPERATURE IMPEDANCE MEASUREMENTS

The objective of this test series is to determine the change in resis-
tance with temperature of a single sector, the down-leads, and the assembled

toroidal inductor. Test Series 2 is divided into the following three tests:

3.1 Sector Resistspce at Cryogenic Temperature

In operation, the sectors are immersed completely in liquid aitrogen.

To measure the change in resistance with temperature of a sector, the fol-

lowing procedure will be followed:




(1) Measure the impedance of the sector at room temperature in the Dewar

as it wi1ll be positioned during cryogenic measurements.

(2) Fill the Dewar with liquid nitrogen and allow the sector to c¢cool to

liquid mitrogen temperature.

(3) Measure the impedance of the sector at cryogenic temperature.

3.2 Down-Lead Resistance at Cryogenic Temperature

In operation, the lower portion of the down-leads is immersed inm liquid
nitrogen, while the upper portion is attached to the power supply current
lines, To measure the resistance of the down-leads at cryogenic operating

temperatures, the following procedure will be followed:

(1) Short circuit the down—leads by replacing the sectors with the six
shorting strips.

(2) Install the Dewar header and attach the power supply current lines.
(3) Measure the resistance of the down—leads at room temperature.

(4) Fill the Dewar to its lowest operating level and measure the resis-

tance of the down-leads until a steady state resistance is reached.

(5) Repeat Step 4 with the Dewar filled to its highest operating level.

3.3 Assembly Resistance at Cryogenic Temperature

The following procedure is used to determine the resistance of the coil

assembly at cryogenic temperature:
(1) Assemble the coil and place in the Dewar.
(2) Attach the power supply current lines to the down-leads.

(3 Fill the Dewar to its lowest operating level and measure the resis-

tance of the assembly until a steady state resistance is obtained.

4. SEQUENCE FOR TEST SERIES 3 AND 4

The test sequence described in this paragraph will be nused with
appropriaste modifications for test series 3 and 4 involving the AFAPL high

current power supply. The important sequencing events in & normal test

59

eniitenasnd,

e

.__:h




- -

sequence involve the power supply, the coolant flow, and instrumentation. A

sequence would proceed as follows:

(1) Check all instruments to assure that deflection factors, calibration,

triggering, time bases, etc., are all correctly set.
(2) Initiate coolant flow.
(3) Enable instrumentation.
(4) Verify coolant flow and level.
(5) Charge the coil with a preprogrammed current pulse,
(6) Stop coolant flow,
(7) Deactivate the instruments and collect all data.

The sequence of events, with approximate time scales is illustrated in

Figure 1. The coaxial coil test circuit is shown in Figure 2.
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Figure 1. Time Sequence of Events in Coaxial Coil Test. ;
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Figure 2. Coaxial Coil Test Circuit.

5. TEST SERIES 3 - CURRENT TESTS

The objectives of the third test series is to verify the current shar-
ing between coil sectors and to measure the terminal voltage of the coil
versus current. The coil current will be brought up to rated specifications

in seversl steps.

The sequence described in Section 4 will be followed at the power
supply’'s lowest regulated current and repeated with greater values of cur-
rent until rated current is achieved. The number of intermediate steps
needed will be based on current sharing between sectors and terminal voltage

characteristics.

6. TEST SERIES 4 - ACTIVE COOLING EVALUATION TESTS

The objective of the fourth test series is to quantify the degree of
active cooling achieved with forced coolant flow in the coil core. A cur-
rent test at 0, 7.5, and 15 1/s will be conducted at 5000 A, Based on
careful snalysis of the data gathered in this test series, several sequences
may be run for extended times to determine the equilibrium temperature

characteristics.

7. RECORDING INSTRUMENTATION

To assure detection of any and all abnormalities during a test a multi-
channel continuous recording oscillograph will be used to record all data
shown in Teble I.

. S.Government Printing Office: 1984 - 759-062/944
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